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Highly stable and sensitive detection of trace level (approximately 1 ppm) of NH3 gas at room temperature is
demonstrated for single wall carbon nanotube (SWCNT)-based resistive sensor. The sensor device was comprised of
two planer Au electrodes deposited on carbon nanotubes (CNTs) by thermal evaporation method followed by
patterning with photolithography process. For the growth of high-quality SWCNTs, multiple catalysts were
deposited by co-sputtering method, and the yielded CNTs were in the diameter range of 0.8 to 1.5 nm. The CNTs
were characterized by various techniques including Raman spectroscopy, field emission scanning electron
microscopy, and transmission electron microscopy. As-grown SWCNTs-based resistive sensor showed an excellent
variation in sensor response in the trace sensing range from 1 to 50 ppm of NH3 where the sensor response
linearly increased with NH3 concentration. The sensing mechanism was attributed to the electron transfer to the
SWCNTs as a result of NH3 oxidation on the nanotube surface. The sensor was found to have good sensitivity with
a response time of a few minutes at room temperature. Sensor recovery posed a great problem at room
temperature, and the fast and complete recovery was successfully achieved by using appropriate thermal treatment
protocol.
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Carbon nanotubes (CNTs) are one-dimensional (1-D)
nanoscale structures based on grapheme sheet and
exhibit extraordinary material properties ranging from
mechanical to electronic device properties [1,2]. As the
CNT structure is derived from graphene [3], all of the
carbon atoms constitute the entire surface making high
surface to volume ratio along with extremely high
reactivity of the delocalized electron on surface of the
tubular structure, and all these make CNTs more unique
for sensing studies. Any change on the surface structure
during interaction with reactant molecules leads to a
change in their electronic properties, and this enables
the detection of the analyte molecules under study.* Correspondence: safiul5996@gmail.com
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in any medium, provided the original work is pThere are large number of reports available in the lit-
erature on sensing of chemical gas [4,5] and biological
species [6-8] by CNT-based sensors employing various
techniques. Both pristine and modified CNTs have been
used in these cases where pristine CNTs have shown
more intrinsic properties of the CNT materials and
demonstrated high sensitivity but failed on selectivity
[9]. Modified (or functionalized) CNTs can improve the
sensitivity for particular molecules and then provide the
selectivity in sensing. There are three aggregate forms of
CNTs materials: individual CNTs, network/film made of
CNTs, and vertical CNT arrays. Device performances
vary astonishingly on the choice of these options. Al-
though individual CNTs are sensitive for chemical detec-
tion, the fabrication processes are highly complicated,
whereas CNT network/films offer more flexibility in
design and development aspect. Not only that the char-
acteristic device properties are independent of types ofn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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orientation, but at the same time are cost-effective and
easy for batch fabrication. The performance of a device
made from network/film will show an average effect of
all the CNTs used. A variety of sensing mechanisms can
be realized in such sensor devices, and in this way, CNT
sensor can be used repeatedly [9].
The first SWCNT-based chemical sensor was demon-
strated by Kong et al. [5] where NH3 and NO2 detec-
tions were recorded for 2 ppm NO2 and 0.1% of NH3
using field-effect transistor (FET) with little success in
sensor recovery. Using the same device structure,
Someya et al. [10] found that the recovery time of the
FET sensors strongly depended on the voltage biases
between the source and the drain. Valentini et al. [11]
have demonstrated a resistive SWCNT sensor that could
detect sub-ppm NO2 where recovery time is in the order
of a few minutes after giving heat to 165°C by a back-
deposited film heater. SWCNTs covalently attached to
poly(m-amino benzene sulfonic acid) (SWCNT-PABS)
showed improved sensor performance for the detection
of NH3 at 5 ppm level [12]. Zhang et al. [13] have
pushed the detection limit further to parts per billion
level (100 ppb for NH3 and 20 ppb for NO2) using similar
surface modification (SWCNT-PABS) [14]. Qi et al.
showed that non-covalent functionalization by drop cast-
ing nafion onto SWCNT-FETs resulted in gas sensors not
only with improved sensitivity but also with great selectiv-
ity for NH3 [14]. Other demonstrations by Suehiro et al.
[15] on NH3 sensing by CNTs gas sensor fabricated by di-
electrophoresis (DEP) and solution casting method
showed that the sensor response was almost proportional
to NO2 concentration. The DEP fabrication could provide
a way to trap CNTs on the microelectrode to establish a
good electrical connection between CNTs and the external
measuring circuit [16,17]. Such gas sensor based on CNTs
often involves cumbersome processing steps. On the other
hand, solution casting is not a reliable method for making
a rigid and stable sensing device.
In summary, the NH3 sensing by CNT-based devises is
not new, and the sensors have shown extraordinaryFigure 1 Schematic diagram of CVD system for SWCNTs growth.merits on response, sensitivity, resolution, detection
limit, etc. but failed badly when recovery of the device
comes into picture. Some success has been achieved in
case of devices made with specific expensive design. Lit-
erature shows that the major drawback of CNTs-based
ammonia detection devices is the slow and incomplete
recovery at room temperature due to the tendency of
ammonia to strongly interact with carbon nanotubes
[18]. It limits their potential commercial application for
making an ammonia detection system. To overcome the
recovery problem, several research groups are currently
trying to achieve fast recovery with ultraviolet (UV) light
exposure [19], high gate bias (for FET devices), current
pulse (resistive devices) [20], and thermal treatment [21].
All these methods partly improved the recovery of the
CNT-based sensors, but are still not satisfactory, in
particular, the network/film-based CNT resistive sensors
for NH3 detection.
In the present work, the authors report the growth
and development of SWCNTs-based resistive sensor for
ammonia gas detection at trace level concentration, where
SWCNT films were deposited onto SiO2/Si by thermal
chemical vapor deposition (CVD) technique using co-
sputtering method for catalyst preparation. Two planer
Au electrodes were deposited onto CNT film by thermal
evaporation method followed by pattering with standard
lift-off process. A detailed study was carried out for the
various sensor parameters such as sensitivity, response-
recovery time, and reproducibility for trace level of NH3
concentration. We have been successful in our attempt to
detect upto 1 ppm NH3 gas; not only that, the sensors also
showed excellent reproducibility with complete and fast
recovery by using thermal treatment protocol.
Methods
The SWCNT film is synthesized by using self-designed
thermal CVD method. The schematic diagram of CVD
system is shown in Figure 1. The catalyst used to grow
SWCNT is obtained by co-sputtering of Fe-Mo metals
(thickness of 0.5 nm) on Al metal (thickness of 10 nm)
used as a supporting layer. The catalyst was annealed at
Figure 2 SEM image with design and dimensions of sensor.
Figure 3 SEM image of as-grown SWCNTs.
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Figure 4 TEM image of SWCNTs grown by thermal CVD.
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growth, the flow rate of H2/Ar mixture and acetylene
(C2H2) in chamber was kept at 30 and 5 sccm respectively
to continue the growth for 5 min. The growth pressure is
carefully controlled at 50 Torr.
Surface morphology was examined by high-resolution
field emission scanning electron microscopy (FESEM)
(Nova Nano Sem450, FEI) and transmission electron
microscope (TEM, FEI Tecnai F20) was used at an accel-
erated voltage of 200 kV. Carbon defects including cata-
lytic impurities and structure orientation were analyzed
using lab RAM HR 800 (Horiba JY; Horiba) micro-Raman
spectrometer at 632.8 nm. The laser beam was focused on
the sample using confocal microscope with LWD ×50
objective of N.A. = 0.7.
Sensor was fabricated in chemiresistive mode by making
two planer Au electrodes on network-like SWCNT film byFigure 5 Raman spectra of SWCNTs and magnified RBM peak (insert)lift-off process. The electrical measurements were done
using electrical characterization unit (Keithley 4200 SCS).
Concentration and flow rate of ammonia were set and
maintained by using gas mixing system (Environics, USA).Results and discussion
Sensor design and development details
The sensing area comprising SWCNTs was grown by
thermal CVD system on SiO2/Si substrate, and the elec-
trode made of gold pattern structure with 60-μm chan-
nel length was fabricated by standard photolithography
technique. The design and dimensions of the sensor are
given in Figure 2.Sensor characterization
SEM and TEM studies
The surface morphology, dimension, and orientation of
SWCNTs can be characterized by scanning electron
microscope has been employed to study the morphology
of SWCNTs. The samples were directly mounted on a
standard aluminum fixture using double-sided carbon
tape. High-resolution images of SWCNTs were taken at
accelerating voltages ranging from 2 to 10 kVA and the
working distance between 4 and 6 mm. High-resolution
FESEM image (Figure 3) of SWCNTs shows a film having
network-like patterns and successive growth of SWCNTs.
The image at higher magnification shows that the growth
of SWCNT film had taken place in a network fashion hav-
ing random orientation of the tube with uniform
dimensions..
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an accelerated voltage of 200 kV. HRTEM image (Figure 4)
shows SWCNT produced by the co-sputtering of Mo-Fe
on supporting Al layer pre-coated on SiO2/Si substrate. In
the HRTEM image, the SWCNTs shown are in bundle
form. The average tube diameter estimated by TEM ana-
lysis using digital micrograph program (d-spacing values)
software was found to be nearly 1.43 nm.
Raman studies
Carbon defects including catalytic impurities and struc-
ture orientation were analyzed using micro-Raman
spectrometer at 632.8 nm. The laser beam was focused
on the sample using a confocal microscope. The Raman
spectra of synthesized SWCNT are shown in Figure 5.
The spectra indicate sharp peak of first-order tangential
G band and defect-related second-order D band at
1,592 cm−1 and 1,347 cm−1, respectively. In SWCNTs,
tangential G-band mode gives rise to multi-peak feature
due to the symmetry breaking. The G-band feature can
also be used to characterize the metal or semiconduct-
ing characters of SWCNTs, although the Raman line
shape for metallic SWCNTs is not distinctly observed in
comparison with the narrow symmetrical line shape for
semiconducting SWCNTs [22].Figure 6 Schematic diagram of the setup for ammonia gas sensing.D band is activated in second-order scattering process
of sp2 carbon due to vacancy, grain boundary, and tube
defects. The estimated ratio of Id/Ig from Figure 5 was
0.09. The low Id/Ig ratio indicates that the SWCNTs have
perfect graphite structures. The radial breathing mode
(RBM) peak of Raman spectra (Table 1) was used to
study the SWCNT diameter. The diameters of SWCNTs
were obtained in the range from 0.8 to 1.5 nm which are
calculated by frequency of RBM peak from the Equation
1 [22] as
ωrbm ¼ Adt þ B ð1Þ
Ammonia detection procedure
The sensing element was placed in a small and sealed
sensing chamber made up of steel with heater arrange-
ment inside (Linkam, Scientific Instruments Ltd.,
Tadworth, Surrey, UK). Nitrogen gas (which acted as a
carrier gas) was made to flow into the chamber continu-
ously before the test gas (ammonia) was introduced.
The concentration of ammonia was controlled by
using software-operated gas mixing system. The resist-
ance of the CNTs film was recorded when the system
reached to a steady state. The sample was tested for its
electrical response by measuring the change in resistance
across its two terminals when exposed to different con-
centrations (ppm) of ammonia. The schematic diagram of
ammonia detection setup used to take ammonia gas sens-
ing measurements is shown in Figure 6.
Figure 7 Dynamic response and recovery characteristics of SWCNTs-based sensor to ‘ammonia’ molecules.
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In our sensor, SWCNTs were aligned between the two
60-μm microfabricated gold electrodes to examine the
NH3 gas detection at trace level. The dynamic response
and recovery characteristics of the sensor are given in
Figure 7. The normalized response of sensor is defined
as (R-Ro/Ro) where Ro is initial resistance of the sensor
before exposure to NH3 gas and R is the maximumFigure 8 Response-recovery of SWCNTs-based resistive sensor to 1 presistance after NH3 exposure as determined as a func-
tion of NH3 gas concentration. The gas sensor response
was tested as a function of NH3 gas range of 1 to 10
ppm (in Figure 7). From theoretical and experimental
studies, we conclude that the change in electrical re-
sponse occurred due to the changes in electronic prop-
erties of SWCNT on exposure to NH3 due to charge
transfer from NH3 gas (electrons donor) to carbonpm NH3 at room temperature.
Figure 9 Response of SWCNTs-based resistive sensor to ammonia molecules.
Mishra et al. International Nano Letters , : Page 7 of 9
http://www.inl-journal.com/content///
2013, 3:46
.i l j l o /content/3/1/46nanotube surface by means π-π stacking and change its
density of state [23].
We have observed that the sensor does not show
complete recovery of its initial resistance. The sensor
recovered only 60% to 70% after stop of NH3 gas flow.
The literature survey of CNT shows recovery over a long
duration of time, i.e., more than 12 h [24]. It is well
known that the adsorption process of NH3 gas on CNTs
is attributed to both physisorption and chemisorptions.
Chemisorptions may take place due to site defect on the
sidewall of CNTs [25,26]. It is reported that the bindingFigure 10 Sensitivity plot of sensor for 5 to 50 ppm of ammonia gas.energy of chemisorbed ammonia is quite high [26] and
to desorb that from CNTs surface, we need to apply
some external excitation energy to the system. To im-
prove the recovery time, current stimulation, illumin-
ation of UV light, and heat treatment have been used as
external source of energy [27]. Figure 8 shows the sensor
response of the chemiresistive sensor where negligible
recovery at room temperature is observed even after
spending 12 h using continuously dry N2 flow. Thermal
treatment process was employed in this work to acquire
fast and complete recovery.
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procedure for a fixed duration (10 min) and subsequent
cooling to room temperature was followed in a step se-
quence controlled by a temperature controller. The
temperature-dependent recovery was studied in the
temperature range from 27°C to 200°C. The optimized
heating temperature was set at 200°C for the sensor re-
covery, i.e., to bring back the sensing element to its ini-
tial resistance. Recovery of sensor after desorption of
NH3 gas is shown in Figure 9; the response and recovery
curve of sensor is shown for successive exposure of vari-
ous concentration of NH3 (5 to 50 ppm). Figure 10
shows the sensitivity of the sensor that is linearly in-
creased for different concentrations of ammonia, which
was found to be proportional to the gas concentration at
room temperature.
Although the observed sensitivity of the sample is not
found as good as expected, the overall performance of
the system with respect to other sensing parameters (i.e.,
reproducibility, response, and recovery time) is found to
be satisfactory. Our research group is currently working
on the issue related to the improvement of sensitivity by
using various methods.Conclusions
We have designed a chemiresistive SWCNT-based sen-
sor by thermal CVD for the detection of low concentra-
tion of NH3 gas. The sensor was thoroughly examined
using FESEM, TEM, and Raman techniques which con-
firm the presence of SWCNTs randomly oriented on
SiO2/Si film after electrode patterning, thereby facilitat-
ing the required interaction of sensor with gas molecules
in order to make this material suitable for utilizing as
gas detection system. An ammonia detector was success-
fully realized that could detect low concentration (ppm)
of ammonia with repeatable results. Thermal treatment
method was employed to achieve complete and fast
recovery with proper selection of thermal treatment re-
gime. Although the observed sensitivity of the sample is
not found as good as expected, the overall performance
of the sensor with respect to other sensing parameters
(i.e., reproducibility, response, and recovery time) is
found to be satisfactory. Hence, this study has opened
up possibilities for further improvement of the quality
of the sensor so that detection level may be lowered to
sub-ppm level.
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